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HIGHLIGHTS 


►  Rapid  degradation  occurred  for  SOFCs  with  Ni— zirconia  anodes  in  butane. 

►  Ni— Gd  doped  ceria  anode  did  not  deteriorate  for  24  h  in  butane  at  610  °C. 

►  Redox  of  ceria  contributes  to  the  suppression  of  carbon  deposition. 
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We  investigated  direct  butane  power  generation  for  microtubular  solid  oxide  fuel  cells  with  a  diameter  of 
less  than  2  mm.  Conventional  Ni-stabilized  zirconia  anodes  deteriorated  rapidly  over  a  period  of  3—4  h  at 
610  °C  and  a  low  steam/carbon  (S/C)  ratio  of  0.044  in  butane  due  to  a  large  amount  of  carbon  deposition. 
For  the  Ni— Gd  doped  ceria  (Ni— GDC)  anode,  the  power  could  be  generated  continuously  for  more  than 
24  h  at  610  °C  and  S/C  =  0.044  in  butane.  The  rate  of  carbon  deposition  for  the  Ni— GDC  was  slower  than 
that  for  the  Ni-stabilized  zirconia  at  610  °C.  Ceria  can  be  reduced  from  Ce4+  to  Ce3+,  which  causes  the 
suppression  of  carbon  deposition  on  the  Ni— GDC  anode  in  butane  at  low  humidity. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  can,  in  principle,  directly  use  not 
only  hydrogen  but  also  hydrocarbon  fuels  such  as  methane, 
propane,  butane  and  so  on.  However,  hydrocarbon  is  decomposed 
into  hydrogen  and  solid  carbon  at  high  temperatures. 

CxHy  — >-xC  +  (y/2)H2  (1) 

Carbon  deposition  causes  rapid  deterioration  due  to  the  deac¬ 
tivation  of  electrode  catalysts  and  the  inhibition  of  fuel  diffusion 
[1],  Steam  reforming  of  hydrocarbons  is  generally  applied  with 
a  steam/carbon  (S/C)  ratio  greater  than  two  in  order  to  prevent 
carbon  deposition. 

CxHy  +xH20— >xCO  +  (x  +y/2)H2  (2) 

It  is  desirable  to  reduce  the  S/C  ratio  because  the  introduction  of 
an  excess  amount  of  water  causes  a  decrease  in  power  generation 
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efficiency  and  complicates  the  water  supply  systems.  For  methane 
fuel,  power  generation  with  internal  reforming  has  been  demon¬ 
strated  at  an  S/C  ratio  of  only  0.03  through  the  use  of  a  Ni-Sc 
stabilized  zirconia  (Ni— ScSZ)  anode  [2]  or  by  decreasing  the  oper¬ 
ating  temperature  to  550—650  °C  for  SOFCs  [3  ].  Methane  is  the  main 
component  of  natural  gas,  which  is  a  suitable  fuel  for  stationary 
applications.  The  effects  of  O2-  ionic  conductors  in  the  anode  on  the 
carbon  deposition  behavior  were  investigated  for  methane  fuel.  It 
was  reported  that  the  rate  of  the  carbon  deposition  adheres  to  the 
following  sequence  in  methane  at  1000  °C:  Ni— Sm  doped  ceria 
(Ni-SDC)  >  Ni-Y  stabilized  zirconia  (Ni-YSZ)  >  Ni-ScSZ  [4],  The 
performance  of  Cu-YSZ  anode  with  ceria  was  higher  than  that 
without  ceria  in  dry  methane  [5],  The  graphitization  degree  varied 
with  respect  to  the  change  in  oxide  species  and  the  operating 
temperature  in  methane,  which  strongly  affected  the  durability 
against  the  carbon  deposition  [6—8]. 

On  the  other  hand,  fuels  such  as  propane,  butane  and  so  on  are 
suitable  for  portable  applications  due  to  the  fact  that  they  can  be 
liquefied  easily.  However,  it  is  well  known  that  carbon  is  easier  to 
be  deposited,  when  the  carbon  number  in  hydrocarbon  fuels 
increases  [9,10],  Gorte  et  al.  demonstrated  direct  butane  power 
generation  for  SOFCs  using  a  Cu-ceria  anode  [11  ].  Although  the  Cu- 
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based  anodes  can  inhibit  carbon  deposition  in  comparison  to  Ni- 
based  anodes,  the  Cu-based  anodes  have  a  lower  catalytic  activity 
of  electrochemical  fuel  oxidation.  It  was  reported  that  a  bi-metallic 
Cu-Co-based  anode  was  expected  to  show  high  performance  in  dry 
n-butane  [12],  Ceramic  anodes  such  as  La4Srn_4Tin03n+2  were  also 
investigated  for  power  generation  with  internal  reforming  of 
hydrocarbon  fuels  [13],  Several  researchers  tried  direct  utilization 
of  hydrocarbon  fuels  such  as  methanol  [14,15],  ethanol  [16,17], 
propane  [18,19],  n-butane  [20-22],  n-decane  [23],  n-dodecane  [24], 
toluene  [25],  biogas  [26]  and  so  on  in  SOFCs.  However,  it  is  insuf¬ 
ficient  to  investigate  the  O2-  ionic  conductors  such  as  zirconia  and 
ceria  in  an  anode  when  the  goal  is  to  improve  the  durability  against 
the  carbon  deposition  in  the  heavy  hydrocarbon  fuels. 

Lowering  the  operating  temperature  significantly  contributes  to 
a  decrease  in  the  rate  of  carbon  deposition  for  SOFCs.  Kendall  et  al. 
[27,28]  and  Yashiro  et  al.  [29]  demonstrated  direct  butane  power 
generation  for  a  short  time  using  microtubular  SOFCs.  The 
compatibility  of  a  low  operating  temperature  (550  °C)  and  a  high 
power  density  (1  W  cm’2)  were  verified  for  microtubular  cells  with 
microstructural  controlled  anodes  in  hydrogen  fuel  [30,31  ].  If  direct 
butane  power  generation  is  stable  for  these  Ni-based  anode-sup- 
ported  microtubular  SOFCs,  it  is  also  expected  that  a  highly  efficient 
portable  power  source  can  be  realized.  Fuel  and  water  supply 
systems  are  supposed  to  be  simplified  to  reduce  the  costs  for  small 
portable  power  sources.  Therefore,  no  deterioration  of  the  anode 
performance  is  expected  to  occur,  even  if  dry  butane  fuel  is 
supplied  in  an  emergency  situation.  In  this  study,  we  demonstrated 
direct  butane  power  generation  for  microtubular  SOFCs  with 
microstructural  controlled  Ni— O2-  ionic  conductor  composite 
anodes. 

2.  Experimental 

We  chose  the  conventional  oxides  of  8  mol%  Y-stabilized 
zirconia  (YSZ;  Tosoh),  10  mol%  Sc  and  1  mol%  Ce-stabilized  zirconia 
(ScSZ;  Daiichi  Kigenso  Kagaku  Kogyo),  and  10  mol%  Gd-doped  ceria 
(GDC;  Shin-Etsu  Chemical)  for  the  O2-  ionic  conductors  in  the 
anodes.  The  weight  ratio  of  NiO  (Sumitomo  metal  mining)  to  these 
oxides  was  6:4.  A  pore  former  of  acrylic  resin  with  a  grain  size  of  ca. 
5  pm  (Sekisui  Plastic)  was  added  before  sintering  to  increase  anode 
porosity.  The  porosity  after  reduction  was  ca.  40  vol.%.  The  YSZ  and 
70  wt.%  Lao.6Sro.4Coo.2Feo.8O3  (LSCF;  Dowa  Electronics  Materials)- 
GDC  were  used  as  the  electrolyte  and  cathode  materials,  respec¬ 
tively.  The  GDC  interlayer  was  introduced  between  the  electrolyte 
and  the  cathode  to  prevent  chemical  reactions  with  these  mate¬ 
rials.  The  thickness  of  anode,  electrolyte,  interlayer  and  cathode 
were  200,  5,  1  and  20  pm,  respectively.  The  tube  diameter  and 
cathode  area  were  1.8  mm  and  0.6  cm2,  respectively.  For  power 
generation  tests,  the  different  fuels  were  flowed  into  the  inside  of 
a  tube  at  the  rate  of  100  mL  min-1,  and  air  was  flowed  onto  the 
outside  of  the  same  tube  at  100  mL  min-1.  The  operating 
temperature  was  610  °C  and  a  silver  wire  was  used  as  a  current- 
collector.  Details  of  the  sample  preparation  and  characterization 
are  presented  in  Ref.  [32],  The  fuel  compositions  were 
H2:H20:N2  =  57:3:40,  CH4:H20:N2  =  38:3:59  (S/C  =  0.079),  and  n- 
C4H1o:i-C4H1o:H20:N2  -  11:6:3:80  (S/C  =  0.044).  Each  fuel  was 
humidified  at  room  temperature  to  define  an  oxygen  partial  pres¬ 
sure  in  the  anode.  The  anode  microstructures  were  observed  with 
a  field  emission-scanning  electron  microscope  (FE-SEM;  JEOL  JSM- 
6330F)  after  direct  butane  power  generation.  The  rates  of  carbon 
deposition  were  evaluated  by  thermogravimetry  (TG;  Shimadzu 
TG-8120)  in  dry  and  humidified  butane  (S/C  =  0.044)  at  610  °C  after 
reduction  in  57%  H2  for  1  h.  The  NiO-YSZ,  NiO-ScSZ  and  NiO— GDC 
microtubes  were  crushed  and  sieved  to  a  particle  size  of 
0.85—1.7  mm  before  being  used  for  TG  analyses. 


3.  Results  and  discussion 

Fig.  1  shows  the  weight  changes  of  the  NiO-YSZ,  NiO-ScSZ  and 
NiO-GDC  powders  evaluated  by  TG  in  hydrogen  and  butane  at 
610  °C.  The  production  of  water  and  carbon  dioxide  is  only 
3  x  10-4  mol  by  a  discharge  of  1 A  for  actual  SOFCs.  In  this  study,  the 
hydrogen  and  butane  were  diluted  to  57%  and  17%,  respectively,  in 
consideration  of  experimental  safety.  The  S/C  ratio  became  0.044 
after  the  diluted  butane  flew  through  water  at  25  °C.  The  S/C  ratio  is 
the  same  condition  for  the  power  generation  in  this  study.  The 
NiO— YSZ  and  NiO— ScSZ  powders  required  more  than  1  h  to  reduce 
completely.  For  the  NiO-GDC  powder,  the  weight  decreased 
rapidly  for  an  initial  15  min,  and  then  the  weight  was  stable.  The 
theoretical  weight  decrease  is  12%  for  60  wt.%  NiO-oxide  after 
reduction,  assuming  that  the  oxides  does  not  change.  The  weight 
decrease  was  10%  for  the  NiO— YSZ  and  NiO— ScSZ  after  reduction 
for  1  h.  On  the  other  hand,  the  weight  decrease  reached  13%  for  the 
NiO-GDC,  which  was  larger  than  the  theoretical  value.  This  result 
supports  that  a  part  of  ceria  was  also  reduced  from  Ce4+  to  Ce3+. 
After  the  atmosphere  changed  from  hydrogen  to  butane,  the  weight 
increased  as  a  result  of  carbon  deposition.  The  weight  increase  rates 
were  found  to  scale  in  the  following  order  at  610  °C  in  butane: 
Ni— ScSZ  >  Ni— YSZ  >  Ni— GDC.  Although  this  order  is  reversed  at 
temperatures  in  excess  of  1000  °C  in  methane  [4],  the  same  order 
was  previously  confirmed  at  the  lower  temperature  of  850  °C  [7], 
The  rate  of  carbon  deposition  may  be  strongly  dependent  on  the 
ambient  temperature  in  hydrocarbon.  In  this  study,  temperature 
and  hydrocarbon  species  were  different  from  Refs.  [4]  and  [7],  We 
will  investigate  the  effects  of  temperature  and  hydrocarbon  species 
on  the  rate  of  carbon  deposition  in  near  future.  The  weight  increase 
rate  was  the  same  in  dry  and  humidified  butane  for  Ni— YSZ  and 
Ni— ScSZ.  However,  the  rate  in  humidified  butane  decreased 
significantly  in  comparison  with  that  in  dry  butane  for  Ni-GDC. 
This  suggests  that  carbon  is  oxidized  catalytically  via  the  promo¬ 
tion  of  reduction— oxidation  (redox)  of  ceria  in  the  presence  of 
water  [33]. 

C  +  H20-C0  +  H2  (3) 

The  Ni— GDC  is  expected  not  only  to  inhibit  carbon  deposition, 
but  also  to  promote  the  electrochemical  oxidation  of  deposited 


Fig.  1.  Weight  changes  of  NiO-YSZ,  NiO-ScSZ  and  NiO-GDC  powders  at  610  °C  in  H2 
and  QH,,,. 
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carbon  by  the  production  of  water  during  power  generation  in 
butane  fuel. 

Fig.  2  shows  the  current-voltage  (i-V)  and  current-power  ( i—p ) 
characteristics  for  the  microtubular  SOFC  with  the  Ni-GDC  anode 
at  610  °C  in  hydrogen,  methane  and  butane.  The  theoretical  elec¬ 
tromotive  forces  (EMFs)  are  1.12  V  in  3%  H20-57%  H2,  38%  CH4  and 
17%  C4H10.  The  open  circuit  voltage  (OCV;  i  —  0)  was  the  same  as  the 
EMF  in  each  fuel.  A  maximum  power  density  of  0.55  W  cm’2  was 
obtained  for  the  microtubular  SOFCs  at  temperatures  as  low  as 
610  °C  in  hydrogen.  However,  the  power  density  decreased  by  half 
in  methane  and  butane.  The  slopes  of  the  i—V  curves  became 
steeper  at  low  current  densities  for  hydrocarbon  fuels  because  of 
the  carbon  deposition  on  the  anode  at  low  S/C  ratios.  The  area 
specific  resistances  (ASRs),  which  were  derived  from  the  slope  of 
i—V  curves  near  OCV,  were  1.0,  4.2  and  5.0  Q  cm2  in  hydrogen, 
methane  and  butane,  respectively.  These  ASRs  agreed  well  with  the 
resistances  evaluated  using  the  AC  impedance  method.  The  slopes 
of  the  i—V  curves  were  more  gradual  at  high  current  densities  in  the 
hydrocarbon  fuels.  This  tendency  was  especially  strong  in  butane. 
This  might  be  caused  by  the  promotion  of  the  electrochemical 
oxidation  of  deposited  carbon  and  the  reforming  reaction  of 
hydrocarbon  at  high  current  densities. 

Fig.  3  shows  the  time  course  of  cell  voltage  at  a  drawn  current  of 
0.2  A  cm-2  for  the  cells  with  the  Ni-YSZ,  Ni-ScSZ  and  Ni-GDC 
anodes  at  610  °C  in  hydrogen,  methane  and  butane.  For  30  min 
sequential  flows  of  hydrogen  and  methane,  the  cell  performances 
for  each  anode  were  almost  the  same.  The  cell  voltages  dropped  by 
0.7  V  immediately  after  the  fuel  changed  from  methane  to  butane. 
The  voltages  increased  to  0.8  V  for  1  and  10  min  after  the  change  to 
butane  fuel  for  the  cells  with  the  Ni— YSZ  and  Ni— ScSZ  anodes, 
respectively,  because  the  electric  conductivity  was  improved  by  the 
deposition  of  conductive  graphite  on  the  anodes  [34],  However, 
power  generation  was  impossible  for  the  cell  with  the  Ni-YSZ  and 
Ni— ScSZ  anodes  at  610  °C  after  3—4  h  into  the  fuel  change  from 
methane  to  butane.  A  large  amount  of  deposited  carbon  caused  the 
deterioration  of  Ni  catalytic  activity  and  the  inhibition  of  fuel 
diffusion.  On  the  other  hand,  power  can  be  generated  continuously 
for  more  than  24  h  at  610  °C  and  S/C  =  0.044  in  butane  for  the  cell 
with  the  Ni-GDC  anode,  although  the  performance  for  the  Ni-GDC 
anode  was  lower  than  that  for  the  Ni-YSZ  and  Ni— ScSZ  anodes.  The 


Fig.  2.  Current-voltage  and 
Ni-GDC  anode  at  610  °C  in  H: 


Fig.  3.  Time  course  of  cell  voltage  at  0.2  A  cm~2  for  the  cells  with  Ni-YSZ,  Ni-ScSZ  and 
Ni-GDC  anodes  at  610  °C  in  H2,  CH4  and  C4H10. 


result  of  thermogravimetry  in  Fig.  1  indicates  the  low  rate  of  carbon 
deposition  for  the  Ni-GDC  at  610  °C  in  butane.  Furthermore,  the 
rate  was  expected  to  decrease  further  by  the  promotion  of  butane 
reforming  (reaction  (2))  and  carbon  oxidation  (reaction  (3))  due  to 
the  production  of  water  on  the  anode  during  power  generation. 

The  microstructures  of  the  Ni-YSZ,  Ni— ScSZ  and  Ni-GDC 
anodes  after  power  generation  at  610  °C  in  butane  for  3,  4  and 
24  h,  respectively,  were  observed  with  FE-SEM  as  shown  in  Fig.  4. 
Carbon  was  coated  on  Ni  catalysts  and  carbon  nanofibers  were 
grown  from  the  interface  between  Ni  and  oxide  particles  for  the 
Ni-YSZ  and  Ni-ScSZ  anodes  after  direct  butane  power  generation 
for  3  and  4  h,  respectively.  It  is  well  known  that  the  carbon  is 
deposited  on  the  Ni  nanoparticles,  and  it  is  precipitated  in  the  form 
of  carbon  nanofibers  under  the  Ni  nanoparticles  [35],  The  diameter 
of  the  carbon  nanofibers  on  the  Ni— ScSZ  anode  was  larger  than  that 
on  the  Ni-YSZ  anode  in  comparison  with  Fig.  4A  and  B.  It  was 
previously  confirmed  that  the  size  of  deposited  Ni  nanoparticles  on 
ScSZ  was  larger  than  that  on  YSZ  after  reducing  due  to  the  larger 
change  of  solid  solubility  of  Ni  into  ScSZ  by  redox  treatment  [8],  The 
weight  increase  rate  became  the  largest  for  the  Ni— ScSZ  in  butane 
as  shown  in  Fig.  1  because  of  the  growth  of  the  thick  carbon 
nanofibers.  In  this  study,  the  macropores  were  formed  by  adding 
acrylic  resin  before  sintering.  However,  the  macropores  were 
destroyed  in  the  areas  where  a  large  amount  of  carbon  was 
deposited.  For  the  Ni-GDC  anode,  the  structure  of  macropores  was 
kept  and  no  carbon  nanofiber  was  observed  after  direct  butane 
power  generation  for  24  h.  The  TG  analysis  suggests  that  the  rate  of 
deposited  carbon  was  the  slowest  for  Ni-GDC  in  butane,  and  a  part 
of  the  ceria  was  reduced  from  Ce4+  to  Ce3+  in  hydrogen  as  shown  in 
Fig.  1.  During  the  butane  direct  power  generation,  it  is  possible  for 
the  following  reactions  to  occur  by  the  redox  of  ceria  under  carbon 
deposition  conditions. 

Ce02  +  nC -►  Ce02  n  +  nCO  (4) 


Ce02  n  +  nH20->Ce02  +  nH2 


(5) 


the  cells  wit 


Ce02  „  +  nC02  -*'Ce02  +  nCO 


(6) 
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That  is,  the  deposited  carbon  is  oxidized  by  reaction  (4),  and  the 
ceria  is  oxidized  by  water  and  carbon  dioxide  (reactions  (5)  and 
(6)),  which  are  produced  by  the  power  generation.  The  weight 
increase  rate  became  small  for  the  Ni— GDC  in  humidified  butane  as 
shown  in  Fig.  1,  due  to  the  redox  cycle  of  deposited  carbon  and  ceria 
by  the  reactions  (4)  and  (5).  Furthermore,  the  ceria  can  be  oxidized 
electrochemically  by  the  following  reaction,  because  ceria  is 
a  mixed  O2-  ionic/electronic  conductor. 

Ce02  „  +  nO2  -» Ce02  +  2 ne  (7) 

The  reforming  of  butane  and  the  electrochemical  oxidation  of 
carbon  also  occurs  by  the  production  of  water  during  the  power 


generation  (reactions  (2)  and  (3)).  We  used  the  microstructural 
controlled  anode  with  highly  dispersed  GDC  powders  several 
hundred  nanometers  in  diameter  prepared  by  co-precipitation 
method  (Fig.  4C).  This  Ni— GDC  anode  resulted  in  the  high  dura¬ 
bility  during  the  butane  direct  power  generation  due  to  the 
promotion  of  ceria  redox.  In  general,  SOFCs  are  not  operated  under 
the  carbon  deposition  condition.  However,  small-scale  portable 
SOFCs  are  at  risk  of  operation  under  non-humidified  condition 
during  emergencies  as  the  control  systems  are  simplified  to  reduce 
the  costs.  The  portable  power  sources  with  high  efficiency  and 
durability  is  expected  to  be  made  possible  by  the  use  of  the 
Ni— GDC  anode-supported  microtubular  SOFCs  developed  in  this 
study. 
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4.  Conclusions 

In  this  study,  we  demonstrated  direct  butane  power  generation 
for  microtubular  SOFCs  with  microstructural  controlled  Ni-YSZ, 
Ni— ScSZ  and  Ni— GDC  composite  anodes.  The  weight  decrease  of 
NiO— GDC  was  larger  and  faster  than  that  of  NiO— YSZ  and  NiO— ScSZ 
in  hydrogen,  which  suggests  that  a  part  of  ceria  was  also  reduced 
from  Ce4+  to  Ce3+.  The  redox  of  ceria  also  contributed  the  suppres¬ 
sion  of  carbon  deposition  on  the  Ni-GDC  at  610  °C  in  humidified 
butane.  The  cells  with  the  Ni— YSZ  and  Ni— ScSZ  anodes  deteriorated 
rapidly  over  a  period  of  3—4  h  at  610  °C  and  a  low  S/C  ratio  of 0.044  in 
butane.  Carbon  was  coated  on  Ni  catalysts  and  carbon  nanofibers 
were  grown  from  the  interface  between  Ni  and  oxide  particles  for 
the  Ni-YSZ  and  Ni-ScSZ  anodes  after  direct  butane  power  genera¬ 
tion.  On  the  other  hand,  power  can  be  generated  continuously  for 
more  than  24  h  at  610  °C  and  S/C  =  0.044  in  butane  for  the  cell  with 
the  Ni-GDC  anode.  The  microstructure  of  the  Ni-GDC  anode  was 
kept  and  no  carbon  nanofiber  was  observed  after  direct  butane 
power  generation.  We  used  the  microstructural  controlled  anode 
with  highly  dispersed  GDC  powders  several  hundred  nanometers  in 
diameter,  which  resulted  in  the  high  durability  during  direct  butane 
power  generation. 
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